INTRODUCTION
The fatigue life of bone is a function of microcrack accumulation and growth.
Microcrack accumulation contributes to the formation of stress fractures (McBryde, 1975) and acts as a stimulus for bone remodelling (Burr & Martin, 1993; Prendergast & Taylor, 1994; Bentolila et al. 1998; Martin, 2000; Lee et al. 2000b ). Microdamage has also been shown to accumulate with age in the femoral shaft and neck (Schaffler et al. 1989 (Schaffler et al. , 1995 and this contributes to the formation of fragility fractures (Sherman & Hadley, 1993) . 1.4 million of these femoral neck, vertebral and Colles' fractures occur annually in the US at a cost of $10 billion per annum. Hip fractures are associated with a mortality of 10-20% within 6 mo of surgery.
With an ageing population, demographic trends predict that the number of hip fractures occurring annually worldwide will increase from 1.7 million (1990) to a potential 6.3 million by 2050 (Riggs & Melton, 1995) .
Despite the obvious importance of microdamage in bone, the process by which microcracks initiate, propagate and ultimately coalesce leading to failure remains poorly understood. Microcracks are routinely stained with basic fuchsin in alcohol and criteria applied to exclude artefacts (Burr & Stafford, 1990; . Electron microscopy has shown these fuchsin-stained features to be true microcracks (Burr et al. 1995) . Microcracks in bone are normally analysed using 2-dimensional transverse sections of bone (Frost, 1960; Burr & Stafford, 1990; Lee et al. 1998) , but this technique fails to provide detailed information on the 3-dimensional (3-D) shape and size of these microcracks. Knowledge of the true crack dimensions and variance in size are required for calculation of stress intensity values which indicate the probability of an individual microcrack propagating to cause a stress or fragility fracture (Taylor, 1998; Taylor & Lee, 1998) .
The aims of this study were to obtain more data on microcracks in the longitudinal, rather than transverse direction, and to look at the 3-D nature of microcracks in compact bone. Two different computer-based methods of reconstruction were used to study microcracks in 3 dimensions: (1) serial sectioning of resin embedded sections using a sledge macrotome followed by microcrack identification by means of UV epifluorescence microscopy and subsequent reconstruction using computer software and (2) laser scanning confocal microscopy followed by reconstruction of microcracks into a 3-D image. Confocal microscopy has the advantage of visualising a very thin plane of the section and the image has a high spatial resolution as a result of suppressing the glare associated with the out-of-focus areas of the section.
MATERIALS AND METHODS
The rib is continuously cyclically loaded during life and this leads to the formation of significant amounts of microdamage. The use of human rib sections in this study allowed comparison with previous research, including the one other study into the behaviour of microcracks in the longitudinal direction (Burr & Martin, 1993) .
The left 9th rib was excised from 9 embalmed cadavers. The subjects ranged in age from 69-92 y (mean 82.11, S.D. 6.56); 4 were male and 5 female. No evidence of trauma or metastatic disease was found in the chest walls or ribs. Using a diamond saw (Struers Minitom), single 0.5 cm and 1 cm blocks were cut from each rib, commencing 1 cm distal to the tubercle. Excess flesh was removed and blocks were stained in basic fuchsin using the following procedure (Burr & Hooser, 1995; Lee et al. 1998 ). After rinsing under running tap-water to remove the fatty marrow, specimens were fixed overnight in 70% ethanol and bulk stained in 4 ml of the following solutions in individual vials placed in a vacuum desiccator (50 mm Hg): (1) 1% basic fuchsin in 80% ethanol (ETOH) for 2 h; (2) change solution; (3) 1% basic fuchsin in 80% ETOH for 2 h; (4) repeat steps 1-3 with 1% basic fuchsin in 90% ETOH; (5) repeat steps 1-3 with 1% basic fuchsin in 100% ETOH (6) rinse in 100% ETOH for 1 h to remove excess stain.
The first set of blocks (0.5 cm) were embedded in a methymethacrylate polymer (MMA) in order to facilitate serial sectioning. The polymer consisted of a monomer (pure methylmethacrylate), a softener (dibutyl phthalate), which prevented the finished polymer being too brittle, and a hardener (benzoyl peroxide), which acts as a catalyst and causes the solution to polymerise when the temperature is increased. The solution was made up using the following protocol: methylmethacrylate: 200 ml, dibutyl phthalate: 50 ml and benzoyl peroxide: 7 g. This solution was stored at low temperature (4-6 °C) in order to prevent premature polymerisation prior to infiltration and embedding. The 0.5 cm blocks were infiltrated with the MMA solution at room temperature over a period of 3 d. Each block was placed in a separate vial of the solution in a vacuum desiccator (50 mm Hg) with the solution replaced with fresh MMA each day. They were then placed into an oven at 55°C for 4 d, which caused the solution to polymerise slowly and harden. This temperature was determined following a number of tests using different sized specimens of bone, which were carried out in order to establish the optimum temperature required to cause the solution to polymerise.
If the temperature is too low, the polymer is not hard enough to facilitate serial sectioning and if it is too high, the MMA solution polymerises with large amounts of air bubbles present.
The embedded blocks were then mounted on a LKB sledge macrotome and 10 µm serial sections of bone were cut through a depth of 250 µm (i.e. 25 sections). The sections were soaked in 90% ethanol which allowed the polymer surrounding the bone to soften and any folds or creases were unfurled and flattened using a soft artist's brush and forceps. The sections were then mounted on glass slides with DPX mounting medium under a coverslip.
Fuchsin-stained cracks were identified using the fluorescence-aided method (Table 1) . Microcrack images were transferred to a PC using an Optronics CCD camera, reference points were noted on each slice and using Surfdriver computer software, the serial slices reconstructed into 3-D images of each individual microcrack. Measurements of crack lengths in both transverse and longitudinal directions were made from the reconstructed images using image analysis software (Scion Image).
The second set of blocks (1 cm) were rehydrated in distilled water for 24 h after staining. Blocks were then secured in a diamond saw (Struers Minitom), 250 µm sections were cut and handground to between 100 and 160 µm and mounted. Laser scanning confocal microscopy (LSCM), which combines fluorescence microscopy, laser light illumination and computer imaging, was used to visualise microcracks. A Leica TCS/NT confocal microscope equipped with a krypton/argon laser as the source for the ion beam was used to examine the sections for fluorescence of fuchsin-stained microcracks. The fuchsin-stained samples were imaged by excitation at 647 nm with a 664-696 nm long-pass emission filter. Individual microcracks were identified on the surface of each section. The laser was then focused at different depths through the entire depth of the section generating a series of individual slices at 8 µm intervals and a single microcrack was reconstructed into a 3-D image. The software allowed the reconstructed image to be rotated through 360° in order to show the crack shape. All the settings on the confocal microscope: objective lens used, wavelength of channels, readings on the photomultipler tubes, depth of Z-scan, strength of laser and format of acquistion were standardised and recorded for each data set acquisition. With the confocal microscope it is easy to reproduce settings from one experiment to another.
While there is appropriate software in the system to maintain laser stability and strength through a depth of 200 µm, we restricted our observations to a maximum depth of 100-160 µm in order to avoid bone tissue attenuation of laser beam penetration and emission light.
The ground sections were then examined using epifluorescence microscopy ( Table. 1) and microcracks were identified. The microcrack images were transferred to a PC using an Optronics CCD camera and the length of each microcrack was measured (Scion Image). Finally, the area of each section was determined by transferring the image of each section to the PC using a CCTV video camera (Panasonic, Japan) and measuring it using the same analysis software. The results were tabulated in form of number of cracks occurring per section, crack density (number of cracks occurring per mm 2 ) and mean longitudinal crack length (Lee et al. 2000a ).
RESULTS
Basic fuchsin was found to label microdamage clearly in all samples. Artefactual damage was differentiated from in vivo microdamage by the absence of dye in the candidate crack or failure to satisfy the required criteria (Table 1) . Figure 1 shows an example of a microcrack viewed using (a) green and (b) UV epifluorescence. Under green incident light, basic fuchsin fluoresced orange and under UV incident light, fluoresced purple.
A microcrack viewed using LSCM is shown in Figure 2 a. The fuchsin-stained cracks were found in general to run parallel to the longitudinal axis of the rib and were most commonly located in interstitial bone parallel to haversian systems. Figure 2 b shows the same microcrack viewed at different intervals through the section. Beginning with the initial slice (bottom right hand corner) and following the arrows, it can be seen that initially the crack is very indistinct (white arrow) but going through the sections it becomes clearer and clearer before becoming less distinct again showing that the laser has gone through the entire width of the crack. A reconstruction of this dataset of images is shown in Figure 2 c, with the crack rotated in order to show the 3-D crack shape. Another microcrack reconstructed from LSCM is shown in Figure 3 . Figure 4 shows a microcrack reconstructed from serial sections rotated through 0°, 45° and 90°.
In each, a 'skeletal' image shows the initial reconstruction with all the individual sections present while the 'covered' image shows the reconstructed crack when a 'skin' has been placed around the sections.
Both reconstruction techniques showed similar results regarding the shape and size of microcracks in bone. Cracks were found to be sheet-like defects and were approximately elliptical in shape. Table 2 summarises the data obtained from the crack reconstructions obtained from serial sections. The average crack length in the longitudinal direction was found to be 404 ± 145 µm [mean ± S.D.], the crack width or length in the transverse direction was 97 ± 38 µm and crack thickness was 9 ± 3 µm (n = 9). This resulted in a mean aspect ratio of longitudinal: transverse length of 4.6: 1 (S.D. 2.2). Data obtained using the fluorescence-aided method of analysis are summarised in Table 3 . A total of 92 cracks were identified. The mean number of cracks per section was found to be 10.2 ± 6.9 [mean ± S.D.]. The mean crack density was 0.16 ± 0.13 cracks/ mm 2 and the mean longitudinal crack length was found to be 349 ± 100 µm.
DISCUSSION
While LSCM has previously been used to study microdamage in trabecular bone (Fazzalari et al. 1998) , the morphology of in vitro microcracks in fatigue-tested compact bone (Zioupos & Currey, 1994) and dense arrays of ultra-microcracks in human tibiae , little data exist regarding in vivo longitudinal microcracks in compact bone.
Confocal microscopy combines fluorescence microscopy, laser light illumination and computer image processing. The advantage of this technique over conventional microscopy methods is that it shows a much improved spatial resolution, because the laser can be focused with high precision onto the actual microcrack being examined and this allows elimination of the out-of-focus image from the image focal plane (Fazzalari et al. 1998 ). The technique is able to visualise fluorochrome-labelled agents within the bone matrix with clarity. This property of the confocal microscope allowed the fuchsin-stained microcracks to be highlighted from the surrounding matrix.
By generating a series of slices through the bulk sample when a microcrack had been highlighted and using computer processing, a complete 3-D image of the microcrack was created. While the laser strength and stability of the confocal microscope can be maintained through a depth of 200 µm, we limited imaging of our compact bone samples to a maximum depth of 100-160 µm in order to avoid bone tissue attenuation of both the laser beam penetration and the emission light. For this reason, no quantitative data were obtained on 3-D crack measurements from the confocal-reconstructive technique since it was only possible to measure part of the crack width.
Both LSCM and serial sectioning showed similar results regarding the shape and size of microcracks in bone. They were found to be 3-D, sheet-like defects. This is consistent with the study by Fazzalari et al. (1998) . Using both reconstructive techniques, they were approximately elliptical in shape. This is consistent with crack shapes found in other materials (Miller & de los Rios, 1986) and arises when crack growth is relatively easy in one direction but difficult in the orthogonal one, due either to the type of loading or the anisotropy of the material (Taylor & Lee, 1998) . From the reconstructions (n = 9) obtained from the serial sectioning method (Fig. 4) , the average crack length in the longitudinal direction (i.e. the major axis of the ellipse) was found to The epifluorescence technique yielded a mean microcrack density of 0.16 ± 0.13 cracks/ mm 2 . This was similar in range to previous studies (Burr & Stafford, 1990; . Microcracks were shown to average 349 ± 100 µm in length along the longitudinal axis (n = 92) which is consistent with the one previous study on longitudinal crack lengths (Burr & Martin, 1993) . In general, microcracks ran parallel to the longitudinal axis of the rib and were most commonly located in interstitial bone parallel to haversian systems. This again was consistent with previous work on location of in vivo microcracks in human tibiae ).
In transverse sections, the microcracks observed in this and other studies on human rib (Frost, 1960; Burr & Stafford, 1990; Lee et al. 1998 Lee et al. , 2000a are identical to those found in the femoral neck and shaft (Schaffler et al. 1989 (Schaffler et al. , 1995 and to those seen in fatigue-tested bone Choi et al. 1994) . By measuring the dimensions of microcracks in 3-D, we have gained insight into the true sizes and shapes of microcracks in compact bone. This offers the possibility of calculating stress intensity values which determine the risk of fracture occurring from a particular microcrack. It has been shown that these microcracks influence fatigue, fracture and remodelling in bone (Martin & Burr, 1982; Taylor, 1998; Bentolila et al. 1998; Lee et al. 2000b) . Our understanding of the theory and practice of these phenomena can only be advanced once a detailed description of the size, shape and number of microcracks is available. Table 1 . Criteria for identifying microcracks in bone 
______________________________________________________________________
Step 1 Fluorescence microscopy: green incident light (546 nm), x125 magnification.
Candidate crack should be intermediate in size, being larger than canaliculi but smaller than vascular canals.
Step 2 Fluorescence microscopy: green incident light (546 nm), x125 magnification.
Candidate crack should have a sharp border, with a halo of fuchsin staining around it.
Step 3 Fluorescence microscopy: UV incident light (365 nm), x125 magnification.
Candidate crack should be stained through the depth of the section.
Step 4 Light microscopy, x250 magnification. When the depth of focus is changed, the edges of the crack can be observed to be more deeply stained than the intervening space. Bar, 100 µm. 

